The influence of n-type doping on the electronic structure of Cd 2 SnO 4 has been studied by electron-energyloss spectroscopy ͑EELS͒ and UV photoemission spectroscopy ͑UPS͒. In substitution on Cd sites or Sb substitution in Sn sites leads to the the appearance of well-defined plasmon loss peaks in EELS, with a maximum plasmon energy of just below 0.6 eV in Sb-doped material. A weak conduction-band feature is observed in UPS, the width of which is of the order expected from a simple free-electron model. ͓S0163-1829͑96͒00720-5͔
I. INTRODUCTION
The post transition-metal oxides In 2 O 3 and SnO 2 are of significant technological interest because they are wide-gap materials ͓E gap ϭ3.62 eV ͑Ref. 1͒ for SnO 2 ; E gap ϭ3.75 eV ͑Ref. 2͒ for In 2 O 3 ͔ which when n-type doped combine the properties of optical transparency in the visible region with high electrical conductivity and high reflectivity in the infrared. 3 Doping can be achieved either by oxygen deficiency or by chemical substitution of Sn for In or of Sb for Sn. The range of high infrared reflectivity is governed by the carrier concentration, which in turn determines the energy of the conduction-electron plasmon. Maximum plasmon energies of 0.59 ͑Ref. 4͒ and 0.63 eV ͑Ref. 5͒ have been observed in ceramic samples of Sb-doped SnO 2 and Sn doped In 2 O 3 , respectively. The plasmon energies which can be achieved in CdO doped by analogous In substitution exceed those for In 2 O 3 and SnO 2 ͓the maximum value that we have observed in a ceramic is 0.72 eV ͑Ref. 6͔͒, but CdO is of little use as a transparent conducting material, owing to the much smaller band gap of the host oxide ͓E gap ϭ0.55 eV for CdO at 300 K ͑Ref. 7͔͒. The ternary oxides CdIn 2 O 4 ͑E gap ϭ2.23 eV͒ and Cd 2 SnO 4 ͑E gap ϭ2.06 eV͒ have bigger band gaps 8 than CdO itself and the visible absorption edge moves to much higher energy with n-type doping, due to the exceptionally large Moss-Burnstein shift associated with the low carrier effective mass. [9] [10] [11] These oxides, therefore, stand alongside In 2 O 3 and SnO 2 as potential transparent conducting materials. n-type doping of Cd 2 SnO 4 can be produced by subjecting thin-film material to reducing conditions, which presumably produce donor oxygen vacancies. However, by analogy with the binary systems discussed above, it is to be expected that substitution of In onto Cd sites or Sb onto Sn sites will produce n-type doping. There have been previous studies of Sb doped Cd 2 SnO 4 by NMR ͑Refs. 12-14͒ and conductivity 15 measurements, but as far as we know, there has been no previous systematic attempt to define the range of plasmon energies that can be achieved by substitutional doping.
In the present paper, we use electron-energy-loss spectroscopy to measure plasmon energies in In-and Sb-doped Cd 2 SnO 4 . In addition, photoemission measurements have been performed on these materials. These allow direct observation of the electrons introduced into the conduction band by doping. By considering the conduction bandwidth in relation to the plasmon energy in EELS, it is possible to explore the applicability of a free-electron model to the conduction electrons in these materials. X-ray and ultraviolet photoelectron spectra ͑XPS and UPS͒ were measured in an ESCALAB 5 Mark I spectrometer equipped with a twin anode x-ray source and rare-gas discharge lamp. Samples were mounted on Pt stubs and held in position with Pt wires. Sample cleaning was achieved by annealing pellets for 2-3 h at around 400°C ͑stub temperature͒ in the spectrometer preparation chamber ͑base pressure Ͻ10 Ϫ9 mbar͒, with the aid of a water cooled copper work coil coupled to a 400 KHz radiofrequency generator. Following transfer to the main chamber ͑base pressure 2ϫ10 Ϫ10 mbar͒ XPS were found to be completely free of signals due to carbon or other contamination. The O 1s core peak showed a single component, with no evidence of highbinding-energy shoulders, due to water or hydroxide contamination. Similarly, He͑II͒ photoemission spectra contained no adsorbate-related peaks on the high-binding-energy side of the main O 2p valence band. The nominal analyzer resolution was set at 100 meV for He͑I͒ photoemission measurements and at 400 meV for He͑II͒ photoemission and XPS. Structure due to HeI␤ and HeI␥ satellite radiation was subtracted from spectra using an interactive stripping routine, which ensured optimal removal of satellite intensity subject to the constraint that there should be no negative dips in the stripped spectra. The position of the Fermi energy in the spectrometer was established from measurements on a sample of clean polycrystalline silver foil. Fermi levels of the degenerate conducting stannate samples should equalize with those of the silver and indeed a weak Fermi-Dirac-like onset was found for for the Cd 2 SnO 4 samples at the same position as the silver onset. Binding energies are referred to this Fermi-Dirac onset. EEL spectra were measured in the same chamber using electrons from an electron gun forming part of a LEED optics. The analyzer resolution was set at the low value of 20 meV for these measurements, mainly to protect the channeltron from high incident electron fluxes in the elastic peak. The experimental resolution in EELS was however limited by the thermal spread of electrons from the electron gun.
II. EXPERIMENT

Polycrystalline
III. RESULTS AND DISCUSSION
EEL spectra were measured for Sb-doped samples with xϭ0.01, 0.015, 0.02, 0.03, 0.04, and 0.05 and for In-doped samples with xϭ0.01, 0.02, 0.03, and 0.04. Typical EEL spectra in the energy-loss region close to the elastic peak are shown in Fig. 1 SnO 4 , there is no clearly defined plasmon loss, although the peak profile does show evidence of asymmetric broadening on the lowkinetic-energy side consistent with an unresolved loss feature at an energy of about 0.3 eV. However, for both doped samples, a resolved plasmon loss is observed, together with weaker losses at twice the principal loss energy arising from sequential inelastic scattering. The loss energies for the complete series of doped samples are summarized in Table I . It is clear that after a large increase with initial doping, the plasmon energy shows only small subsequent increases with doping.
At the low beam energy of the present experiments, surface loss will predominate over bulk loss, i.e., the loss condition is determined by Re͓͔͑͒ϭϪ1 rather than Re͓͔͑͒ϭ0. 18 The surface-plasmon frequency is given by
where n is the carrier concentration, ͑ϱ͒ is the background dielectric constant, and m* is the conduction-electron effective mass at the Fermi energy. In the earlier work of Nozik et al. 9 and Miyata et al., 10 ͑ϱ͒ was found to be 4.0Ϯ0.1 and m* was found to vary with carrier concentration. Empirically, we have found that the six values of m* at differing carrier concentrations tabulated in this earlier work are best described in terms of a quadratic variation with Fermi wave vector k F , i.e., m* varies linearly with the n This could arise from compensation of In͑III͒ substitution on Cd͑II͒ sites by cation vacancies, although compensation of this sort does not pertain to CdO itself. However, a more likely explanation is that In͑III͒ is distributed between Cd͑II͒ and Sn͑IV͒ sites. Whereas In͑III͒ is a donor on the former, it is an acceptor on the latter. Thus, the availability of two different cation sites allows for substitutional incorporation of In with a carrier concentration lower than the nominal doping level. He͑I͒ photoemission spectra are shown in Fig. 2 . The spectra are dominated by the O 2 p valence band, the onset of which is about 3 eV below the Fermi energy. There is also a strong Cd 4d shallow core-level peak superimposed on the secondary-electron background. However, the major interest of the present paper centers on weak structure close to the Fermi energy, which arises from occupancy of the conduction band. The conduction-band feature is weaker in nominally undoped Cd 2 SnO 4 than for either of the doped samples. This is consistent with the EELS measurements, which suggest a low but not vanishing carrier concentration in Cd 2 SnO 4 . The conduction band derives from Sn and Cd 5s atomic orbitals, both of which have very low one-electron ionization cross sections relative to the cross section for O 2 p states at hϭ21.2 eV ͓͑Cd 5s͒ϭ3.25ϫ10 Ϫ2 MB; ͑Sn 5s͒ϭ3.25ϫ10 Ϫ2 MB; ͑O 2p͒ϭ2.67 MB ͑Ref. 19͔͒. Coupled with the relatively low doping levels, this accounts for the low intensity of the conduction-band structure. However, after prolonged spectral accumulation the conductionband structure can be observed with adequate signal-to-noise ratio to allow definition of the shape and width of the band, as shown in Fig. 3 . Here, it is clear that the band has a parabolic free-electron-like shape for both In-and Sb-doped samples. Although the variation of effective mass within the conduction-band precludes rigorous application of a freeelectron model ͑which assumes strictly quadratic dispersion and constant m*͒, it is nonetheless interesting to make a rough estimate of the the overall bandwidth E derived assuming a fixed m* within the band. Such an analysis 20 has revealed essentially free-electron-like behavior for conduction electrons in doped SnO 2 . 4 in the region of the conduction band. Binding energies are given relative to Fermi energy of a silver sample stub. Structure due to satellite radiation has been subtracted from the spectra.
